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ABSTRACT

Hybrid materials are intensely studied for potential applications in heterogeneous catalysis.
Organic groups at the catalyst surface can modify not only its hydrophilicity, but also acidity,
hydrothermal stability, porosity, etc. In some cases, tuning such properties leads to improved
catalytic performance. Often, however, the organic moieties are limited to methyl groups
introduced via post-grafting. Here, a series of mesoporous hybrid aluminosilicate
materials was prepared in one pot by non-hydrolytic sol-gel (NHSG). Aromatic, aliphatic,
pendant, and bridging organic groups were incorporated. The presence of the organic groups
in the bulk and at the outermost surface of the materials was verified by solid-state NMR, IR,
ToF-SIMS, and XPS. The hybrid aluminosilicates were tested as catalysts in the gas phase
ethanol dehydration to ethylene, and most of them outperformed the inorganic catalyst
benchmark. While a direct influence of surface hydrophobicity (as probed by water sorption
and water contact angle measurements) appeared unlikely, characterization of acidity (IR-
pyridine) revealed that the improved performance for hybrid catalysts could be correlated
with a modification of the acidic properties. The latter are determined by the quality of the
dispersion of Al centers in the form of isolated sites in the hybrid silica matrix, which itself
appears to be influenced by the presence of organic groups in the non-agueous synthesis. All
in all, this study establishes a "ranking" for a variety of organic groups in terms of their

influence on the catalyst activity.
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Introduction

Silica-based organic-inorganic hybrid materials have recently captured considerable attention,
in particular in the fields of heterogeneous catalysis, gas sensing, coating and adsorption [1,
2]. In heterogeneous catalysis, many publications have reported a performance boost
following the introduction of organic groups into inorganic catalysts. This strategy is especially
successful in organic reactions that involve water, which should be repelled from the catalyst
surface [3-10].

Methyl groups represent the most widely reported type of incorporated organic moieties.
Application of other groups (e.g. longer aliphatic chains, aromatic rings, fluorinated organic
groups) has been reported less often. A broadening of the scope of available materials,
however, might bring other positive effects: not only hydrophobicity alteration (that may or
may not be observed upon methyl groups introduction) [3, 11-13], including also selective
adsorption of reactants induced by specific non-bonding interactions (e.g. m-m stacking) [14],
but also porosity changes [15, 16], hydrothermal stability improvement [17], or modulation of
catalyst sites strength and accessibility [18, 19]. Functional organic groups can bring additional
advantages to the final material [20].

Co-condensation sol-gel methods have emerged as promising and straightforward routes for
the synthesis of organic-inorganic materials including hybrid catalysts [21, 22]. In the
traditional sol-gel methods, performed in agueous medium, molecular precursors hydrolyze
and condense forming a solid material with the desired composition and properties. However,
hydrolytic sol-gel methods face two major issues: (i) dissimilar reactivity of different
precursors often leads to mixed metal oxides of low homogeneity, and (ii) the high surface

tension of water tends to cause pore shrinkage during gel drying. Switching to non-aqueous



conditions can bring a solution to these limitations [23—25]. In these “non-hydrolytic sol-gel”
(NHSG) routes, oxo bridges are formed with alternative oxygen donors (not water). The low
surface tension of the solvents used for the synthesis makes the drying easier. This, associated
with the fact that the degree of polycondensation of the gel is often relatively high in NHSG
chemistry, avoids pore collapse yielding highly porous materials usually featuring high pore
volumes and large pore diameters. Even more importantly, different precursors (metal
alkoxides, amides, halides, organometallics, silanes, and organosilanes) tend to react with
similar kinetics, leading to metallosilicate materials with excellent metal dispersion
(homogeneity). Various organic groups (including both terminal and bridging, aliphatic and
aromatic) have already been incorporated into oxide materials via NHSG routes, and this was
reported to lead to interesting properties — high surface areas [15, 20, 26, 27], tunable pore
sizes [15, 20, 28], varying hydrothermal stabilities [28], and even in some cases superior
catalytic activity [7, 18, 29, 30], selectivity improvement [6, 31-33], and more stable catalytic
sites [34—38]. Therefore, as reviewed very recently [25], the NHSG method presents an ideal
route to porous organic-inorganic hybrid materials and in particular hybrid catalysts.

Ethanol dehydration to ethylene is an important catalytic process in the context of
biorefineries [39-42], but it is also a good model reaction, where the influence of
hydrophobicity/hydrophilicity can be studied. Alumina, silica-alumina, and HZSM-5 are
frequently employed as catalysts for ethanol dehydration [43, 44]. These fully inorganic
materials however face limitations: strongly acidic HZMS-5 are very active but deactivate
rapidly, and Al;Os and silica-alumina are more stable but show only modest activity. Hybrid
materials featuring both acidic sites and hydrophobic groups on their surface might be good

candidates in the dehydration reaction. However, for this reaction, only a handful of reports



in the primary literature mention the application of hybrid catalysts to enhance activity,
selectivity, or stability [8, 45—48].

In the specific case of gas-phase ethanol dehydration to ethylene, we have shown that two
important factors influence strongly the behavior of hybrid metallosilicates: (i) the
hydrothermal stability of Si—C bonds (which is unsatisfactory if aromatic organic groups are
directly bound to Si atoms) [28] and (ii) the number, nature, and strength of acid sites [12, 49].
Studying a series of methylated aluminosilicate materials prepared by NHSG, a direct influence
of hydrophobicity on the catalytic performance was not demonstrated [12]. Instead, the
improved catalytic performance obtained with these hybrid aluminosilicates was attributed
to an indirect effect of the presence of MeSiOs groups, impacting surface acidity.

Moving further, here we broaden the scope of organic modifiers. A series of hybrid
aluminosilicates was prepared by NHSG with different organic groups attached to the
inorganic matrices: bridging and terminal, aliphatic and aromatic groups were incorporated.
The catalysts’ structure, porosity, acidity, and hydrophobicity were followed by a number of
analytical methods and correlated with performance in ethanol dehydration. By doing so, “a
ranking” of organic groups is established according to their effect on catalytic performance,
and these hybrid catalysts are benchmarked to the conventional, purely inorganic catalyst

(free of organic groups).

Materials and methods

General. Catalyst syntheses were performed under high vacuum or dry N, atmospheres using
Schlenk techniques or in a dry box with H,0 and O; levels below 1 ppm. CH;Cl; was dried with
P4010. Diisopropyl ether and benzene-ds were dried over Na metal. Solvents were distilled and
stored in a glovebox over molecular sieves. Aluminum chloride (ABCR, AlCl3, 99.999 %), silicon

tetrachloride (Sigma, SiCls, 99 %), methyltrichlorosilane (Sigma, CHsSiCls, 99 %),



benzyltrichlorosilane (ABCR, CgHsCH,SiCls, 97 %), bis(trichlorosilyllmethane (ABCR,
ClsSiCH,SICls, 97 %), and 1,2-bis(trichlorosilyl)ethane (ABCR, Cl3SiCH,CH,SICls, 95 %) were
stored in a glovebox and used as received. a, a'-dichloro-p-xylene (TCI 98.0 %), tripropylamine
(TCI, 98 %), and trichlorosilane (Sigma, 99 %) were used as received for the synthesis of 1,4-
bis(trichlorosilylmethyl)benzene according to literature [50]. Ethanol (AnalaR NORMAPUR,
99.95 %) was used as received. Silica-alumina support (grade 135, SAger =600 m? g%, Vp = 0.76
cm? g, Si:Al ratio ~8, SACS) was purchased from Sigma-Aldrich. ZSM-5 zeolite in its
ammonium form (SAger = 400 m? g2, Si:Al ratio ~15) was purchased from Alfa Aesar and

calcined at 500 °C in order to transform it to H* form (HZSM-5).

Xerogel synthesis. The xerogels’ synthesis methodology was based on our previous report on
hybrid aluminosilicates containing MeSiOs groups [12]; herein the organosilane precursors
were varied. Diisopropyl ether (DIPE), organosilane (RpendantSiCl3 or Cl3Si—Rbridging=SiCl3), and
silicon tetrachloride were loaded with 45 cm3 CH,Cl, in an autoclave, in a glove box. AICl3
(neat) was added to this reaction mixture with vigorous stirring and stirred at RT until
complete dissolution (5—10 min). The organic modification degree corresponded in all cases
to 1 RpendantSiO3 group (or 0.5 O3SiRpridgingSiO3) for 15 SiOa groups, and the Si/Al ratio was 16.
These molar ratios were chosen according to our previous study on methylated
aluminosilicates [12] and kept constant for all samples prepared in this study. The autoclave
was sealed and kept in an oven at 110 °C for 72 hrs for gelation (Eqn. 1). After cooling down,
the autoclave was put back into the glovebox, opened and the gel was transferred into a
Schlenk vessel. The gels were dried under vacuum at 60 °C overnight in order to remove the
solvent and volatile condensation product (isopropyl chloride). The resulting powders were
calcined in a dry air flow at 300 °C (1 °C min™?, 5 hrs), yielding brown xerogels. While the molar
ratios (15Si04:1RSi03:1Al in case of pendant organic groups and 15S5i04:0.503SiR’SiO3:1Al in
case of bridging organic groups), temperatures, times, etc. were kept constant throughout the
whole series of syntheses, the nature of organic groups bound to the silica network was varied.
The catalysts are denoted p_PhCHz, p_Me, b_CH,, b_C;Hs, and b_Xy; the name explicitly
refers to the type of organic functionalization (Chart 1), “p” stands for pendant organic groups;
“b” stands for “bridging”. The incorporated organic moiety is identified by the second part of
the name (e.g. benzyl groups “PhCH,”, etc.). In order to change the nature of organic groups

bound to silica, different organosilane precursors were used: benzyltrichlorosilane,



methyltrichlorosilane,  bis(trichlorosilyl)methane, bis(trichlorosilyl)ethane, and 1,4-
bis(trichlorosilylmethyl)benzene, respectively. Sample p_Me has already been presented in

III

our previous paper, where it was labeled “15Si-1MeSi-1Al”) [12]. A purely inorganic
benchmark catalyst with the same Si:Al nominal ratio was prepared in the same way using
only SiCls as a silicon precursor (16Si-1Al). Precise reactant masses used in the syntheses can

be found in Table 1.
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Chart 1: Various organic groups attached to the aluminosilicate matrices and their labeling; p_ stands
for pendant organic group, b_ stands for bridging organic group.

Table 1: Synthesis (amount of precursors introduced in the preparation) and the surface composition
of hybrid aluminosilicate catalysts (XPS).

Nsi NRsi Nal NDIPE Si/Al ratio
Sample

[mmol] [mmol] [mmol] [mmol] Theor?/XPS [-]
p_Me[12] 26.87 1.779 1.822 59.89 15.7/24.2
p_PhCH; 26.82 1.809 1.771 59.27 16.2/20.2
b CH; 26.66 0.895 1.791 59.14 15.9/24.7
b CHa4 26.84 0.939 1.837 60.08 15.6/28.0

b_Xy 26.88 0.894 1.788 59.02 16.0/25.5




16Si-1AI[12] 28.63 - 1.762 60.09 16.2/30.0

Characterization. Transmission IR spectra (4000—400 cm™) were recorded on a Bruker
Equinox 55 spectrometer and a Bruker Tensor 27 spectrometer from KBr pellets. The same
spectrometer was used —in combination with pyridine adsorption —to quantify acid sites [51].
Wafers based on ca. 30 mg of sample were pressed and evacuated overnight at 350 °C at =10~
4Torr. Then pyridine was adsorbed at its autogenous pressure at room temperature for 30
min. Physisorbed pyridine was removed by evacuation at 150 °C at =10~* Torr for 2 hrs and IR
spectra were collected. Molar extinction coefficients according to Emeis were used to quantify
Lewis acid sites (absorption band at 1455 cm™) and Brgnsted acid sites (absorption band at
1545 cm™) [51]. The acid sites strength was estimated by further evacuation/IR measurement
steps at 250 and 350 °C. Thermal analysis (TG/DSC) was measured on a Netzsch STA 449C
Jupiter apparatus from 25—-1000 2C under flowing air (100 cm3 min~t) with a heating rate of 5
K min~!. Surface areas (SAger) and pore volumes were determined by nitrogen physisorption
at77.4K[52,53] on a Tristar 3000 instrument (Micromeritics, USA). Prior to the measurement,
samples were degassed at 150 °C for at least 8 hrs. The specific surface area was determined
by the multipoint BET method with at least five data points with relative pressures between
0.05 and 0.30. Water adsorption was performed on a 3Flex instrument (Micromeritics) and
Autosorb-iQ3 (Quantachrome) at room temperature (po = 21 Torr). Prior to measurement, the
samples were degassed for at least 8 hrs at 150 °C. The ratio of volume of adsorbed liquid H,0
(calculated from H,0 sorption) and volume of adsorbed liquid N (calculated from N3 sorption)
at p/po = 0.3 was denoted “Xo3” and taken as a measure of hydrophilicity (“hydrophilicity

index”) as suggested by Gounder et al. [9], Olson et al. [54] and Thommes et al. [55]. Solution



NMR spectra were recorded on a Bruker Avancelll 300 MHz NMR spectrometer at 299.8 MHz
for proton and at 75.4 MHz for carbon with deuterated solvents as the external lock. The
proton and carbon NMR spectra were referenced to the residual proton signals or carbon
resonances of benzene-de¢ (7.15 and 128.0 ppm, respectively). Solid-state 2’Al, 2°Si, and 3C
solid state magic angle spinning (MAS) NMR spectra were acquired on Bruker Avance-500
NMR spectrometer and Bruker AvancelllHD-700 NMR spectrometer with a 4 mm CP-MAS
Bruker probe at frequencies 99.4 and 139.2 MHz for Si, 130.3 and 182.6 MHz for Al, and 125.8
and 176.2 MHz for C. MAS rates were 8 kHz for 2°Si and *3C (CP)MAS and 10 and 12 kHz for
27Al MAS spectra. Chemical shifts were referenced externally to 2°Si 8[3-(trimethylsilyl)-1-
propanesulfonic acid sodium salt (DSS)]: 1.53 ppm; 3C §[adamantane] 38.68 ppm; %’Al 6
[[Al(H20)6])3* (aq. solution)]: 0.0 ppm. X-Ray photoelectron spectroscopy (XPS) measurements
were carried out on an SSI X probe spectrometer (model SSI 100, Surface Science Laboratories,
Mountain View, CA) equipped with a monochromatized Al-Ka radiation (1486 eV). The sample
powders, pressed in 4 mm stainless troughs, were placed on an insulating ceramic carousel.
The pressure in the analysis chamber was around 107® Pa. The analyzed area was about
1.4 mm? and the pass energy was set at 150 eV. The C1s peak of carbon was fixed to 284.8 eV
to set the binding energy scale [56]. Data treatment was performed with the CasaXPS program
(Casa Software Ltd, UK) and spectra were decomposed with the least-squares fitting routine
with a Gaussian/Lorentzian (85/15) product function and after baseline was subtracted. Time
of flight secondary ion mass spectrometry (ToF-SIMS) analyses were conducted with a
TOF.SIMS® instrument (IONTOF GmbH, Minster, Germany). Sample powders were pressed
onto the adhesive part of Post-it” papers. A pulsed Bis* metal ion source was used to produce
a primary beam using an acceleration voltage of 30 kV. An AC target current of 0.07 pA with a

bunched pulse width lower than 1 ns was used. Both positive and negative secondary ion



species were analysed. Mass spectra were obtained by scanning the primary ion beam over a
250 x 250 um? area. The total primary ion beam dose for each analyzed area was always kept
below 5-10'° jons cm™, ensuring static conditions. Lateral resolution of ~ 3 um and mass
resolution m/Am>4000 at 29 m/z were maintained for positive and negative mass spectra
acquisition. Charge compensation was conducted using an interlaced electron flood gun

(kinetic energy = 20 eV). Data analyses were carried out with Surfacelab (version 6.5).

Catalytic dehydration of ethanol. The catalytic tests were performed as described elsewhere
[12]. Briefly, 0.192 mg of the calcined xerogel catalysts (pressed and sieved in the 0.20—
0.40 mm particle size range) were diluted with glass beads (0.5-1 mm) in order to keep a
constant volume of catalyst bed. The void space of the reactor was filled with silica beads. The
feed consisted of a 40 cm?® min~! flow of N2 into which absolute ethanol (0.212 g h™) was
injected through a NE-300 syringe pump (4.4 mol% of ethanol in N;). The tests were carried
out at atmospheric pressure, WHSV = 1.1 h™'. Temperature was varied stepwise between 205
and 310 °C by steps of 35 °C. Each step consisted of (i) heating ramp (5 °C min?) and
stabilization at the set temperature (21 min) and (ii) steady temperature (56 min). The analysis
of the effluent gas was carried out by a VARIAN 3800 Gas Chromatograph equipped with a

flame ionization detector (FID) and a Cydex B column (8 injections at each temperature).

Results and discussion

Hybrid aluminosilicate samples were prepared by NHSG with a nominal Si:Al ratio of 16.
Various organic groups were introduced (see Chart 1), keeping the degree of functionalization
constant: one Si atom out of 16 is bonded to an organic moiety that is either terminal
(p_PhCH_, p_Me) or bridging (b_CH3, b_C>Ha, b_Xy). Here, the synthetic procedure is based

on the alkyl halide elimination (ether route, Eqn. 1), which is known to produce mixed metal



oxides with high homogeneity of metal mixing and good textural properties (even without
requiring the use of a sacrificial templating agent) [23, 24, 57]. Different silicon precursors with
covalently bound organic groups were used in the synthesis in order to incorporate various
organic groups into the aluminosilicate matrices: benzyltrichlorosilane, methyltrichlorosilane,
bis(trichlorosilyl)methane, 1,2-bis(trichlorosilyl)ethane, and 1,4-
bis(trichlorosilylmethyl)benzene.[7, 58] The direct Si—Caromatic bond was avoided due to its low

hydrothermal gas-phase stability in aluminosilicates [28].

The calcination temperature (300 °C) was chosen to eliminate/oxidize a major part of
uncondensed isopropoxy groups coming from the sol-gel preparation while preserving the
modifying organic moieties bonded via direct Si—C bonds as confirmed by TG analyses (Table
1S, Fig. 1S). The first mass loss (up to 300 °C) could be attributed to the evaporation of
adsorbed water, the organic groups then oxidized between 350 °C and 700 °C. The theoretical
and experimental mass losses for samples containing bulky organic groups (p_PhCH2 and
b_Xy) appeared to be in good agreement (10.3 vs. 10.2 % and 8.23 vs. 8.89 %, respectively).
However, it should be considered that some residual isopropoxy groups were still present in
the samples and burned in this temperature range as well, as shown by the 5.10 % mass loss
displayed by the pristine sample 16Si-1Al. Ideally, no mass loss should be observed for fully
inorganic catalyst, meaning that the actual contribution of the organic groups is probably

lower (see below with NMR quantification).

The samples with different organic groups were almost identical in their textural properties
(Fig. 1, Table 2). Specific surface area ranged from 240 to 270 m? g7, total pore volume from
0.60t0 0.77 cm3 g%, and average pore size from 9.6 to 12 nm. The isotherm shapes (indicating

a high proportion of interparticle voids in total porosity [59]) were very similar to earlier



reported methylated aluminosilicates prepared by the same procedure. The specific surface
area decreased only slightly upon organic groups introduction; on the other hand, the total

pore volume decreased more markedly (Table 2, Fig. 1).
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Fig. 1: N, physisorption measurements performed on aluminosilicate samples with different organic
groups and inorganic benchmark 16Si-1Al. Empty symbols are used for the desorption isotherms. An
offset of 300 cm? g has been applied between the isotherms for the sake clarity.

Table 2: Textural properties of NHSG prepared hybrid aluminosilicate samples containing different
organic groups.

Sample SAger Viotal D

(m?g™) | (em3*g™?) | (nm)

p_Me 270 0.75 11

p_PhCH, 250 0.77 12

b_CH> 240 0.73 12




b_CaH4 250 0.60 9.6

b_Xy 250 0.71 12

16Si-1Al 290 0.95 13

Samples with different organic groups were analyzed by IR and NMR spectroscopy and
compared to pristine inorganic catalyst. IR spectra (Fig. 2S) of all samples were very similar
with the main absorption bands originating from vibrations of aluminosilicate matrix. Spectra
were similar to those reported in our previous studies on NHSG-prepared aluminosilicates
(both fully inorganic and hybrid) [12, 49]. The intense absorption band at 1050-1065 cm™ can
be assigned to the asymmetric stretching vibration of Si-O-Si bridge. This band appears at a
lower wavenumber in comparison to pure silica (1200 cm™); the shift is explained by the
presence of Si-O-Al bridges [60—62]. Additional low intensity absorption bands were observed
at 570-580, 798-805, and 925-955 cm™ and can be ascribed to Si-O-Si deformation
vibration, symmetric Si-O-Si stretching vibration, and Si-O-H stretching vibration,
respectively [63]. Finally, absorption bands of very low intensity (KBr pellets) indicated the
presence of organic groups in the hybrid aluminosilicate catalysts: 1281 cm™ and 2979 cm™
in p_Me (CHsSi symmetric deformation vibration and CHz asymmetric stretching vibration,
respectively), 2860 cm™ in b_CH; and b_C2H4 (CH, symmetric stretching vibration), 3068 cm™
and 3031 cm™ in p_PhCH:2 and b_Xy (C-H stretching vibrations in aromatic groups). The
absorption bands attributed to organic groups were observed with a higher intensity when
measuring self-standing wafers based on pure hybrid aluminosilicate catalysts prior to

pyridine adsorption (Fig. 3S).



Solid state NMR spectroscopy allowed highlighting the presence of organic groups and
verifying their nature. 2°Si CPMAS NMR spectra of all samples displayed a main broad signal at
—-101 ppm (Q2, Q3, and Q4 sites found respectively at =92 ppm, —101 ppm and —109 ppm)
accompanied by a minor signal in the range from —45 to —80 ppm confirming the presence of
T species (CSiOs) (Fig. 2). 2°Si MAS NMR (direct excitation; Fig. 4S) were acquired on p_Me and
b_CH; to indicate the quantity of remaining organic groups (T vs. Q species). Results (Table 1S)
must be considered carefully due to the low RSiOs; content and thus a possibly large error
during the spectra processing. Nevertheless, the p_Me sample showed 55 % of retained
organic groups (3 at% experimental vs. 6.02 at% theoretical). These values were lower in the
case of b_CH2 (35 % retained organic groups in comparison to the theoretical value). The rest

was probably burned during the calcination step.
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Fig. 2: 2Si CPMAS NMR spectra of NHSG prepared aluminosilicate catalysts with different organic
groups.

The nature of the organic groups was identified with the help of 13C CPMAS NMR experiments
(Fig. 3). Even if the signal to noise ratio is relatively low (due to the low degree of
functionalization), this technique unambiguously allowed to prove that the organic groups
bound to the silane precursors used in the synthesis were successfully incorporated within the

aluminosilicate matrices and were not subject to any change along the different steps of



preparation (solvothermal synthesis, drying, and calcination at 300 °C). The methyl groups in
sample p_Me were observed at -5 ppm. The benzyl groups in sample p_PhCH; provided two
signals at 22 ppm (CsHsCH>) and 128 ppm (CsH5CH>). Similarly, the xylylene groups in b_Xy
showed the expected peaks at 19 ppm and 128 ppm [28, 50]. The methylene and ethylene

groups in b_CHz and b_C,H4 were observed at —3 and 5 ppm, respectively (Fig. 3) [15, 64, 65].
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Fig. 3: 3C CPMAS NMR spectra of NHSG prepared aluminosilicate samples with different organic
groups. None of the signals detected in hybrid catalysts was present in the pristine 16Si-1Al catalyst.
Asterisks denote spinning sidebands.

According to 2’Al MAS NMR spectra (Fig. 4) the NHSG prepared samples, pristine and with
different organic groups, were very similar: the framework AlO4 species were always present
as the most intense peak, AlOs as a relatively small shoulder, and, finally, the signal intensities

of hexacoordinated Al atoms were also comparable.
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Fig. 4: YAl MAS NMR spectra of NHSG prepared hybrid aluminosilicate samples with different
organic groups. Left: Samples exposed to ambient atmosphere (hydrated); Right: Dehydrated
samples with adsorbed pyridine (the low spectra quality and ,baseline artifacts” are present
probably due to Al atoms in asymmetrical coordination). Asterisks denote spinning sidebands.

Additional ?’Al MAS NMR analyses were performed on dehydrated and consequently pyridine-
adsorbed samples. This treatment led to the virtual disappearance of AlOs and AlOs species
both for the hybrid aluminosilicate catalysts and for the inorganic benchmark 16Si-1Al (Fig. 4,
right). This behavior indicated that a formation of extra-framework alumina clusters is
excluded in NHSG prepared aluminosilicates (both fully inorganic and hybrid with different
organic groups). In fact, octahedrally coordinated Al atoms observed in these samples exposed
to the ambient atmosphere (but not in dehydrated catalysts) are isolated Al species able to
bind H,O molecules from air moisture: the coordination of water molecules was fully and
rapidly reversible on dehydrated samples (if no pyridine adsorbed), similar to some zeolites
[18, 66, 67]. This again pointed towards the fact that NHSG leads to homogeneous Si-Al mixing,

with a thorough dispersion of Al in the silica matrix.

While NMR spectroscopy has shown the successful incorporation of organic groups within the
bulk of the samples, XPS and ToF-SIMS provide information on the organic groups present at

the catalyst surface. Such information is crucial, considering the decisive role played by the



surface in heterogeneous catalysis. In the XPS spectra (Fig. 5), all hybrid samples exhibited a
higher C content (Table 3) in comparison to pristine 16Si-1Al (which only showed the carbon
contamination usually encountered in XPS measurement on aluminosilicate materials). The
difference was clearly caused by the C—(C,H) component of the carbon peak, which grew in
intensity upon the introduction of organic groups. Moreover, an aromatic shake-up
component was observed for the samples p_PhCH; and b_Xy, evidencing the successful
incorporation of aromatic moieties. The contribution of the other oxidized carbon types (C-
(0), C=0, and COO0) typically found in carbon contamination remained fairly constant (1.80—
3.78 at%; Fig. 5, Table 3). Thus, the presence of the organic moieties at the surface of the

hybrid catalysts is confirmed.
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Fig. 5: XPS spectra (C 1s) of NHSG prepared hybrid aluminosilicates with various organic groups.
C-(C,H) contribution (set to 284.8 eV) is depicted in red. C—(0) component (binding energy higher by
1.5 eV) is displayed in blue, C=0 (binding energy higher by 3 eV) in pink, and COO (binding energy



higher by 4-5 eV) in brown. The aromatic shake-up (a broad component shifted by 4.4-4.6 eV from the
C—(C,H) contribution) is shown in orange.

Table 3: Carbon contents in NHSG prepared hybrid aluminosilicate catalysts from XPS data.

Sample C content total | C-(C,H) content | C aromatic shake-up
(at%) (at%) (at%)

p_Me 5.9 3.6 -
p_PhCH: 15.4 12.1 1.5

b_CH; 13.8 11.0 -

b_CoHa4 13.7 10.5 -

b_Xy 12.3 8.6 1.7
16Si-1AI[12] 4.7 2.9 -

The introduction of organic groups was further studied by ToF-SIMS, which proves the
outermost catalyst surface. Peaks of CsHs* and C4Hs* (at m/z 77.037 and 51.026, respectively)
indicate the presence of aromatic organic groups (relevant for p_PhCH; and b_Xy; Fig. 6a left
and Fig. 5S) and peaks of CH;" and SiCH;" (at m/z = 14.015 and 41.986) can be used as an
indication of the presence of Si—CH, moieties (relevant for all hybrid aluminosilicate catalysts;
Fig. 6S and 7S). On the one hand, the relative peak areas (normalized per total counts in mass
spectra) of CsHs* and C4Hs* clearly confirmed the presence of aromatic groups (benzyl and
xylylene) in the outermost surface layer of p_PhCH; and b_Xy (Fig. 6a, Fig. 5S). On the other
hand, the comparison of relative peak areas of CH,* and SiCH>* in hybrid samples and 16Si-1Al
does not allow to confirm the presence of organic groups in the outermost surface layer of
hybrid samples as the values fluctuate without any clear trend (Fig. 6S and 7S). This is probably

due to a high background originating from carbon contamination.



Relative intensity (a.u.) Relative intensity (a.u.)

Relative intensity (a.u.)

C,H," normalized per total counts

a)

16Si-1Al  p_Me p_PhCH, b_CH, b_CH, b_Xy
AlO, normalized per total counts

b)

16Si-1Al  p_Me p_PhCH, b_CH, b_CH, b_Xy
AlSiO, normalized per sum of Al peaks

c)

16Si-1Al  p_Me p_PhCH, b_CH, b_CH b_Xy

24




ALO, normalized per sum of Al peaks

d)

Relative intensity (a.u.)

16Si-1Al  p_Me p_PhCH, b_CH, b_CH, b_Xy

24

Fig. 6: Comparison of samples with different organic groups in terms of relative peak areas of
masses corresponding to a) CeHs* ions, b) AlO;™ ions, c¢) AlSiOs;™ ions (mixed Al-Si clusters), and d)
AlL,O4 ions (“alumina” clusters) in mass spectra obtained by ToF-SIMS. The non-zero values in case
of Ce¢Hs* peak areas in samples without any aromatic groups probably originate from carbon
contamination.

ToF-SIMS was further used to study the homogeneity of Al mixing within silica matrices. Peaks
of (AISiOs)7, (AlSi20s)”, (Al204)7, and (AlO2)” were followed at m/z = 102.94, 162.92, 117.95,
and 58.967, respectively. These signals were well resolved, without any overlap, and
undoubtedly assigned. The signals of (AlSiOs)~ and (AlSi;Os)™ are taken as an indication of the
presence of Al species incorporated in the silica matrix (which can be associated with
homogeneity of the aluminosilicate catalysts). The signal of (Al,04) is taken as an indication
of the presence of alumina clusters (poorly dispersed Al oxide species). Finally, the signal of
(AlOy)is a function of Al concentration in the surface layer and serves as a benchmark. Clearly,
all hybrid samples displayed a similar or higher concentration of (AlO2)™ in comparison to the
pristine 16Si-1Al sample (Fig. 6b). Thus, it can be suggested that hybrid samples possessed at
least the same surface Al concentration as 16Si-1Al. This fact is in agreement with XPS data,

where Si/Al ratios for all hybrid samples were lower than for pristine catalyst (Table 1).



Reporting the peak areas of the mixed Al-Si ions vs. the sum of these four peaks containing Al
(Fig. 6¢, Fig. 8S) it appears that the samples containing aromatic organic groups (p_PhCH; and
b_Xy) display a higher proportion of mixed clusters in comparison to other samples (including
the inorganic benchmark 16Si-1Al). The opposite trend was obtained for (Al,04)” peak areas:
samples with aromatic organic groups displayed a lower amount of alumina clusters per
aluminum atoms in the surface layer than other hybrid samples (Fig. 6 d). Thus, the
homogeneity of Si-Al mixing appears to be slightly improved in p_PhCH; and b_Xy samples;
the other catalysts seem to display a similar Si-Al dispersion to 16Si-1Al benchmark sample.
Notably, the quality of the Si-Al mixing appears to be at least as good in the hybrid samples as
in the inorganic benchmark, showing that the introduction of organic moieties did not
deteriorate the homogeneity of the metallosilicate, which is a decisive advantage of NHSG.
Overall, the ToF-SIMS analyses of NHSG prepared hybrid aluminosilicate catalysts showed a
similar or higher surface Al concentration and similar or higher Si-Al mixing homogeneity in

comparison to the pristine 16Si-1Al sample.

The number of acid sites (determined by IR spectroscopy combined with pyridine adsorption)
in hybrid aluminosilicate catalysts ranged between 0.035 and 0.049 mmol g™ (Table 4, Fig. 9S
and 10S). The pristine sample 16Si-Al was the least acidic (0.035 mmol g%). Moreover, samples
containing aromatic organic groups exhibited somewhat higher numbers, while catalysts with
aliphatic groups displayed a lower quantity of acid sites. These results are in good agreement
with XPS and ToF-SIMS analyses: the hybrid samples showed a higher surface Al concentration
(Table 1), aluminosilicate catalysts containing aromatic groups displayed more homogeneous
Si-Al dispersion, and, consequently, all hybrid samples possessed higher acid site numbers
than pristine catalyst with the maxima observed for p_PhCH; and b_Xy. Note that this latter

trend is even more pronounced if acidity values are normalized by the specific surface area.



Table 4: Results of IR spectroscopy combined with pyridine adsorption performed on hybrid
aluminosilicates containing different organic groups.

Sample Total acid B/L Acid sites after B/L ratio after
sites ratio desorption at desorption at 350

(mmol g -) 350 °C (%) °C (-)
p_Me 0.035 0.40 70 0.16
p_PhCH> 0.049 0.37 73 0.20
b_CaH4 0.036 0.36 63 0.13
b_Xy 0.045 0.29 58 0.13
16Si-1Al 0.035 0.83 72 0.17
p_PhCH>-500 0.090 0.22 65 0.04
16Si-1AI-500 0.059 0.83 65 0.21

Both Brgnsted and Lewis acid sites are present in hybrid aluminosilicates prepared by NHSG.
The Brgnsted-to-Lewis (B/L) ratio ranges from 0.29 to 0.37, indicating a similar representation
among the samples (Table 4). Brgnsted acid sites display lower strength than Lewis acid sites;
indeed, the B/L ratio decreases in all cases upon evacuation at 350°C. The acid site strength is
also similar among the samples with different organic groups: in all samples, a relatively high

pyridine fraction (58—73 %) stays adsorbed at the acid sites after evacuation.

While the acid site strength in the fully inorganic 16Si-1Al catalyst lies within the range of acid
site strengths in hybrid aluminosilicates, the B/L ratio is substantially higher in 16Si-1Al
catalyst (0.83) than in all hybrid catalysts (Table 4). This effect has already been observed in
the case of methylated aluminosilicates prepared by NHSG [12], and explained with the help
of IR spectroscopy: Brgnsted acidity in amorphous aluminosilicates is usually explained by the

presence of pseudo-bridging Si—OH...Al bridges, where Al atom behaves as a Lewis acid [68—



70]. So, the substitution of Si—-OH moieties with Si—R groups provides aluminosilicates with a
lower B/L ratio. Accordingly, the intensity decrease of absorption band associated with
isolated SiO-H stretching vibration has been observed in this sample series upon organic

groups introduction (Fig. 3S).

Water adsorption was investigated on hybrid aluminosilicates to probe their
hydrophilic/hydrophobic properties (Fig. 7). The shape of the isotherms indicated no marked
change in surface hydrophilicity upon various organic groups introduction: the isotherms
always started with a steep increase at the low p/po and copied the shape of N adsorption
isotherms in all cases. A measure of hydrophilicity can be derived from water and nitrogen
sorption data by calculating the ratio “volume of adsorbed H,O to volume of adsorbed N,” at
given relative pressure (p/po) [9, 54, 55]. This “hydrophilicity index” is here calculated and
reported in p/po range from 0 to 0.5 (noted “Xp/po”; Fig. 11S). Such ratio is here fully relevant
since the texture of the materials is similar in all cases. The hydrophilicity index at p/po = 0.3
is reported in Fig. 7 for each catalyst. The value ranges from 32 to 47 % only and is very similar
to Xo.3 of pristine sample 16Si-1Al (39 %), indicating only minor changes in hydrophilicity upon
organic groups introduction, similar to our previous report on methylated aluminosilicates

[12].
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7: Comparison of N, (solid symbols) and H.O (open symbols) adsorption isotherms for NHSG

prepared aluminosilicates with various organic groups. ,, Hydrophilicity index” Xo.3 was calculated as
a ratio of volume of adsorbed H,0 and volume of adsorbed N; at 0.3 p/po [55]. In this calculation,
both adsorbates are being considered as in liquid phase.

The water contact angles were recorded to complement the water sorption experiments (on

samples contacted with ambient air and pelletized). Aluminosilicate catalysts with various



organic groups were all found to remain hydrophilic, with water contact angles in the 22-48°
range. Samples p_Me, b_C;Hs, and b_Xy exhibited very similar water contact angles to pure
inorganic benchmark catalyst 16Si-1Al (21.5+1.7 °). Hybrid aluminosilicates p_PhCH2 and
b_CH: exhibited somewhat higher contact angles indicating lower hydrophilicity (35.3+4.7 and
47.6x4.4 °, respectively, Fig. 12S). Interestingly, these two samples displayed slightly lower
hydrophilicity according to the “hydrophilicity index” derived from water sorption

measurements as well.

The NHSG-prepared aluminosilicate catalysts (both fully inorganic and hybrid) were tested in
ethanol dehydration between 205 and 310 °C. Only ethylene and diethyl ether were observed
as products (no acetaldehyde, propene, or butenes). Carbon balances fluctuated in the range
from 93 to 104 %. Diethylether selectivity was higher at lower temperatures, while ethylene
formation was favored at higher temperatures (Table 2S), in accordance with other studies on
ethanol dehydration [67, 71, 72]. This general behavior can be explained by reaction enthalpy

(exothermic for diethylether formation, but endothermic for ethylene production) [71].

The catalytic performance of hybrid samples in the gas phase ethanol dehydration was
compared to inorganic benchmark 16Si-1Al (Fig. 8). On the one hand, samples containing
aromatic organic groups (p_PhCHz and b_Xy) and p_Me showed higher ethylene yields than
16Si-1Al (Fig. 8). The ethylene yield over p_Me, p_PhCH,, and b_Xy improved mainly due to
markedly higher ethylene selectivity (Fig. 13S, right) in comparison to the inorganic
benchmark. The ethanol conversion was slightly higher in samples containing aromatic and
pendant methyl groups as well (Fig. 13S, left). On the other hand, the catalyst with SiCH,CH,Si
(b_C2H4) groups exhibited lower catalytic performance. The sample with methylene bridges

(b_CH2) reached a similar ethylene yield to 16Si-1Al (Fig. 8); it was only slightly worse than



16Si-1Al in terms of ethanol conversion (Fig. 13S, left) but exhibited somewhat better ethylene
selectivity (Fig. 13S, right). Any direct effect of the presence of organic groups on the catalytic
properties (e.g. enhanced water desorption) seems to be unlikely; the catalytic performance
showed correlation neither with hydrophilicity indices Xp/po nor with water contact angles.
Overall, the results obtained for hybrid aluminosilicate catalysts mostly follow the acidic
properties: hybrid samples with a higher amount of acid sites and a lower B/L ratio perform
better (Table 4). The only exception is b_C2Ha which performs worse than expected on the
base of its acidic properties. Finally, the selectivity improvement for p_Me, p_PhCH2, and b_Xy
might be explained by the marked lowering of the B/L ratio in the case of the hybrid samples:
catalysts with more abundant strong Lewis acid sites have been shown to produce ethylene
with higher selectivity [12, 49, 67, 72]. The indirect effect of organic groups introduction on
catalytic activity in alcohol dehydration was observed by Sow et al. similar to this report: while
the activity in 1-butanol dehydration increased for sulfonated ethylene-bridged silica in
comparison to SBA-15 silica-based catalyst, the heat of water adsorption remained unchanged
[47]. In contrary, van Grieken et al. reported that catalytic activity in production of mixed
ethers from 1-hexanol and benzylalcohols over sulfonated hybrid silica materials increased

with raising hydrophobicity, as probed by H,O-TPD measurements [46].
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To confirm that the organic groups’ presence (hydrophilicity/hydrophobicity) had a negligible
direct effect on catalytic performance, p_PhCH; was calcined at 500 °C in order to completely
remove organic groups and the resulting catalyst (p_PhCH2-500) was tested again in ethanol
dehydration. As a reference, 16Si-1Al was also re-calcined and re-tested (compare samples
p_PhCH>-500 and 16Si-1AIl-500). The calcined p_PhCH; again produced ethylene in a higher
yield than calcined 16Si-1Al (Fig. 9). The difference in ethylene yield was caused by varying
ethanol conversion: The sample p_PhCH>-500 remained markedly more active than the
calcined 16Si-1Al (Fig. 14S, left). This agrees with the fact that sample p_PhCH2 contained
more acid sites than 16Si-1Al both before and after calcination (Table 4). In other words, the
organic groups somehow modify the NHSG process — probably owing to a change in the
precursors’ reactivity — which directly affects the catalyst properties (homogeneity, amount
of surface acid sites), and therefore indirectly affects catalytic performance. However, the
ethylene selectivity was very similar for both calcined samples (Fig. 14S, right). This is in
agreement with our observation that hybrid samples (before calcination) exhibit a higher

ethylene selectivity because of lower B/L ratios. This influence was not observed anymore



after the organic groups’ removal by calcination: the Brgnsted acid sites can be formed in both
calcined samples in situ upon the action of water originating in ethanol dehydration (although

the initially hybrid sample p_PhCH2-500 still exhibited a much lower B/L ratio).
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Fig. 9: Ethylene yield in gas phase ethanol dehydration over aluminosilicate catalysts calcined at
500 °C.

Three commercial reference catalysts were tested at identical conditions for comparison and
reported earlier: silica-alumina catalysts support (grade 135), y-alumina, and HZSM-5 [12, 49].
All NHSG-prepared aluminosilicate catalysts (both hybrid and fully inorganic) exhibited
ethanol conversion in between poorly active commercial silica-alumina and y-alumina and
highly active HZSM-5, similar to previous reports on NHSG-prepared aluminosilicate catalysts
(Table 2S). Ethylene selectivity shown by NHSG-prepared catalysts was high (outperforming
HZSM-5 at 205 °C; Table 2S), pointing at the crucial role of strong Lewis acid sites in NHSG-
prepared materials [12, 49] either in a direct ethanol dehydration to ethylene or an indirect

path via diethylether decomposition to ethylene and water [67, 71, 72].

Conclusions

In summary, we have prepared hybrid aluminosilicates containing various organic groups

(pendant benzyl and methyl; bridging methylene, ethylene, and xylylene) prepared by one-



pot non-hydrolytic sol-gel. The Si:Al ratio was 16 in all samples; one Si atom out of 16 was
bound to an organic group (samples contained 15 SiO4 units per one RSiOs3 group in case of
terminal organic groups and 30 SiO4 units per one 03Si—R-SiO; moiety). The presence of
organic groups was confirmed by MAS NMR, IR, XPS, and ToF-SIMS analyses. The addition of
organic groups did not markedly alter the structure (IR, MAS NMR), the porosity (N2
adsorption-desorption experiments), or the hydrophilicity (water adsorption and contact
angle) of aluminosilicate catalysts. On the contrary, the addition of organic groups induced
slight changes in the homogeneity of Si-Al mixing, which was studied by ToF-SIMS analyses in
the outermost surface layer: the presence of aromatic organic groups seemed to be beneficial
and increased the dispersion of Al forming more isolated species. This in turn led to variations
in the numbers of acid sites: aluminosilicate catalysts containing benzyl and xylylene organic
groups exhibited higher acid site numbers, while catalysts with methylene and ethylene
bridges showed lower acid site numbers. This appears to be directly associated with the
catalyst activity, as the conversion is dictated by the number of acid sites. Finally, the presence
of organic groups also influenced Brgnsted-to-Lewis ratios: all hybrid catalysts displayed lower
B/L ratio than pure inorganic 16Si-1Al, probably due to a lower Si—OH groups content (these
were substituted by Si-R groups). This is associated with a higher selectivity for ethylene at the

expense of diethyl ether.
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